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Abstract

In this study, dense, fine-grained biphasic calcium phosphate bioceramics were designed via the two-step sintering method. The starting powder
was nanosized calcium-deficient hydroxyapatite, whose phase composition, average particle size and morphology were characterized by XRD,
FTIR, Raman spectroscopy, laser diffraction and FE-SEM. The phase transformations of the initial powder during heating up to 1200 °C were
examined using TG/DSC. At first, conventional sintering was performed and the recorded shrinkage/densification data were used to find out the
appropriate experimental conditions for two-step sintering. The obtained results show that two-step sintering yields BCP ceramics, consisting of
hydroxyapatite and 3-TCP, with full dense, homogeneous structure with average grain size of 375 nm. Furthermore, BCP ceramics obtained by
the two-step sintering method exhibit improved mechanical properties, compared to conventionally sintered BCP.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Synthetic calcium phosphate ceramics (CaP) are widely stud-
ied as implant materials for bone tissue reconstruction because of
their chemical similarity with natural bone tissue and excellent
biocompatibility. There are different kinds of CaP bioceramics,
with different composition and physical properties. Hydroxyap-
atite (Caj9(PO4)6(OH)>, HAp), represents the stable phase, with
very slow bioresorbility rate. Dense HAp is surface-reactive and
can be directly attached to the bone through chemical bond-
ing called bioactive fixation. On the contrary, beta tricalcium
phosphate, (3-Caz(POy4)2, B-TCP), is a bioresorbable ceramic,
on which place, natural bone can ingrow after the implan-
tation. Which type of CaP bioceramics will be used for the
implantation depends on whether bioactive or bioresorbable
ceramic is needed.'?> The concept of biphasic calcium phos-
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phates (BCP), consisting of HAp and 3-TCP ceramics, was
developed by Daculsi et al.> The aim of their approach was
to provide an optimal ratio of bioactive/bioresorbable ceram-
ics within the implant that would allow natural bone ingrowth
(osteogenesis) in the place of the implanted material while mak-
ing chemical bonds between the implant material and the bone.
The contribution of 3-TCP is to dissolve faster than HAp in
a biological environment, followed by the precipitation of car-
bonated hydroxyapatite similar to the biological bone mineral
at the implant/tissue interface. The events that occur at the
bioceramic/bone interface are dynamic physico-chemical pro-
cesses, including crystal—protein interactions and cell and tissue
colonization.>® The presence of B-TCP could be beneficial
due to its better protein adsorption capacity compared to pure
HAp.” By tailoring the HAp/B-TCP ratio, it is possible to con-
trol the biodegradation rate, where a larger amount of (3-TCP
would increase the overall resorbility.® BCP ceramics can be
prepared by mechanical mixing of HAp and 3-TCP or through
decomposition of calcium-deficient hydroxyapatite (CDHAp)
by sintering above 700 °C.? The second procedure seems to be
better because the mixture of phases on the atomic level leads
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to an increased purity, conserved bioactive and biodegradable
properties and better mechanical characteristics,'? as well as
an improved sintering behaviour.!! The extent of decomposi-
tion depends on the initial Ca/P ratio in the starting CDHAp
powder and the sintering temperature.* Generally, CaP ceram-
ics have poor mechanical properties that do not allow their use
for load-bearing applications.'? A few studies have shown that
the mechanical properties of HAp-based ceramics, like hardness
and fracture toughness, can be improved by decreasing the grain
size to the nanometer level, while attaining a dense and uniform
microstructure,'3:14

Sintering is a complex process, involving the evolution of the
microstructure through the action of several different transport
mechanisms (surface diffusion, evaporation—condensation pro-
cesses, volume diffusion, grain boundary diffusion, etc.). 1516 Ap
important processing goal is to obtain a uniform microstructure,
with a high density and the desired grain size.!” However, pro-
ducing dense BCP ceramics with a fine uniform microstructure
by pressureless sintering does not seem to be a routine pro-
cess because BCP shows lower sinterability than pure HAp.'318
During the initial stage of sintering, the particle coalescence
is significant, which difficults further densification process,]8
requiring higher sintering temperatures and leading to displacive
B- to a-TCP transformation at temperatures above 1125 °C.!2
This could be detrimental for the further sintering of BCP ceram-
ics because of both, grain growth and a slower densification
process. 819

Other pressureless sintering techniques, like microwave sin-
tering, result in a decrease of the sintering temperature, but that
is not enough to obtain a dense specimen with fine and uniform
microstructure.'® Hot pressing could be a promising method for
obtaining highly dense, nanostructured BCP ceramics?’; nev-
ertheless the disadvantage of these sintering techniques is the
sophisticated equipment, their high cost and a limited number
of samples that can be simultaneously processed, still keeping
these techniques away from industrial applications. One of the
approaches enabling the control of the sintering process of BCP
ceramics is the addition of another phase, like MgO, which
is found to stabilize the 3-TCP phase and improve densifica-
tion; however, the obtained microstructure is not very uniform
because of the bimodal grain size distribution.! The substitution
of naturally occurring ions, like Na*, Mg?*and K*, improved
the stabilization of the 3-TCP phase, t00.22 Also, it should be
very careful in using additives because the addition of more
amount of the other phase than critical could yield negative
effects.”!

Chen and Wang have proposed a novel pressureless two-step
sintering (TSS) method which exploits the difference in kinet-
ics between the grain boundary diffusion and grain boundary
migration in the final sintering stage to suppress grain growth
while promoting densification.?? This method of sintering con-
sists of two steps in the heating schedule. In the first step of
TSS, samples should be heated to a higher temperature (77),
which has to be sufficiently high to achieve critical density;
particularly, the critical density represents the percentage of
theoretical density (TD) at which pores become thermodynam-
ically unstable against shrinkage. After short attaining at 77,

the temperature must be immediately lowered to the tempera-
ture of the second step of TSS (72) at which sintering yields
high densities without grain growth.?? Until now, this method
has been used to fabricate nanostrustured ceramics from various
nanopowders like Y203,23’24 BaTiO3,25 Ni—Cu—Zn ferrites,?>
Zn0,?® SiC,”” YCSZ,?8 Al,03,%° YAG transparent ceramics,>”
3Y-TZP?! corundum abrasives,3? oxide ceramics with differ-
ent crystal structurem,? forsterite®* and as well as to suppress
grain growth in some sub-micrometer powders.>> Considering
biomaterials, TSS method is successfully applied to prepare
dense nanostructured HAp ceramics with enhanced mechanical
properties.3® To the best of our knowledge, until now, there are
no published papers dealing with the synthesis of the CDHAp
nanopowder and consequently two-step sintering.

Therefore, this study was focused on the preparation of dense
fine-grained BCP ceramics with homogenous microstructure
and improved mechanical properties, both hardness and fracture
toughness, from the CDHAp nanopowder via two-step sintering.
Previously, conventional sintering was applied on the CDHAp
in aim to find appropriate conditions for TSS. Finally, the phase
composition, microstructure and mechanical properties of BCP
ceramics prepared by conventional and two-step sintering were
compared.

2. Experimental

Hydroxyapatite nanopowder was prepared by a hydrother-
mal treatment of a precipitate. The precipitate was prepared by
adding a filtered supersaturated alkaline solution of Ca(NO3),
drop-wise in a mixture of H3PO4 and ammonia water at 50 °C,
under constant stirring of 700 rpm. The starting Ca/P ratio of the
precursors was 1.63; since the stoichiometric Ca/P ratio is 1.67,
the obtained nanopowder is nominated as CDHAp. About 11
of the as-obtained suspension was hydrothermally treated in 21
Parr stainless steel stirred reactor on 200 °C under the pressure
of 2MPa, under constant stirring of 400 rpm. After the treat-
ment, the autoclave was quenched down to room temperature.
The precipitate was washed with distilled water to remove NHy™*
ions, and then dried on 90 °C in air for 24 h.

The qualitative analysis of the synthesized powder and sin-
tered ceramics were carried out by X-ray diffraction (XRD)
using a Bruker D8 Advance automated diffractometer with pri-
mary Ge monochromator (Johanson type, CuKa = 1.54059 A).
The X-ray generator operated at 40kV and 40 mA. The pat-
terns were collected in the 26 range 8-70° with a scanning
step of 0.05°, at room temperature. The amounts of the phases
present in the samples are determined according to DIFFR ACP/s
Evaluation Package Release 2003-EVA V9.

The average crystallite size (D) of the powder was calculated
from the half height width (8,,) of the XRD reflection of (00 2)
plane (at 260 =25.8°), using the Scherer’s equation (1),

KX
D=—— 1)
Bmcos O
where A is the wavelength of X-ray radiation; K is the shape
coefficient and is approximately equal to one; 6 is the diffraction
angle (°). The unite cell parameters (a and c¢) were determined
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from XRD data using the least-squares method by LSUCRI
computing program.’’

Also, a vibrational spectroscopy (Raman and FTIR) analy-
sis of CDHAp was done. The Raman spectrum was taken in
the backscattering geometry using a p-Raman system with a
Jobin Yvon T64000 triple monochromator, equipped with a lig-
uid nitrogen cooled charge-coupled-device (CCD) detector. The
514.5 nm line of an Ar-ion laser was used as an excitation source.
The measurement was performed at laser power of 80 mW.
The Raman spectrum was recorded in the frequency interval
100-1500 cm™!, with a resolution of 2c¢cm™!. The FTIR mea-
surement was performed on MIDAC M 2000 Series Research
Laboratory FTIR Spectrometer using the KBr pellet technique,
in the spectral range of 400-4000 cm ™. The spectral resolution
was 4cm™ .

The particle size distribution was determined by the
particle size analyzer (PSA) Mastersizer 2000 (Malvern Instru-
ments Ltd., UK). For the particle size measurements the
powder was dry deagglomerated in an ultrasonic bath (fre-
quency of 40kHz and power of 50W), for 60min. The
specific surface area (SSA) of the powder was measured by
standard Brunauer—-Emmett-Teller (BET) technique with Nj
adsorption—desorption isotherms at —195.8 °C on a Micromerit-
ics Gemini 2370 V5, Norcross, GA, USA.

The synthesized CDHAp nanopowder was uniaxially pressed
in die (& 4 mm) under a pressure of 400 MPa; each of com-
pacts has the thickness circa 2mm. Green compacts with
60+2% TD were prepared. The sintering of the green bod-
ies was carried out in air atmosphere, by both, conventional
(CS) and two-step sintering (TSS) methods, respectively. At
first, for finding the appropriate conditions for TSS, the con-
ventional sintering of the CDHAp compacts was done in a
heating microscope (New Heating Microscope EM201, Hesse
Instruments, Germany). The sintering was done by the heat-
ing rate of 5°Cmin~! up to 1200°C; the dwell time was 1 h.
The recorded shrinkage curve was used for choosing the two-
step sintering conditions. Furthermore, TSS was performed in
a Protherm tube furnace. The samples were heated up to 7}
(1100°C) and after retention for 1-30 min at 77, the samples
were cooled down to 75 (1000 and 1050 °C) and, subsequently,
kept in the second-step temperature for 20 h. The heating rate of
TSS was 5 °C min~!, while the cooling rate, between T and 7>,
was 50°Cmin~! and after 75, samples were naturally cooled
down with the furnace to room temperature. The density of
the sintered samples was measured by Archimedes’ method,
in ethanol.

A thermogravimetric (TG) and differential scanning
calorimetry (DSC) analysis was performed on a Jupiter 449
simultaneous thermal analysis (STA) instrument (Netzsch, Selb,
Germany) in an Al,O3 pan at a heating rate of 10 °C min~!. The
instrument was calibrated with In, Sn, Bi, Al and Au standards.

The morphology of the used CDHAp nanopowder and the
microstructure of the sintered ceramics were analyzed by field
emission scanning electron microscopy (FE-SEM, Supra 35 VP,
Carl Zeiss). Before the analysis, the sintered samples were pol-
ished and thermally etched at 1100 °C for 8 min, and afterwards
carbon coated. The obtained micrographs were used for the esti-

mation of the average grain size with a SemAfore digital slow
scan image recording system (JEOL, version 4.01 demo).

Mechanical measurements were done on polished and ther-
mally etched CS and TSS sintered samples with a Buehler
Indentament 1100 series, Vickers Indentation Hardness Tester,
with the applied load of 3kg and dwell time of 5s. All mea-
surements were done on three samples. The Kjc values were
calculated according the Evans—Charles formula®®:

Kic = 0.0824PC~3/? )

where P is the applied indentation load and C is the length of
the induced radial crack.

3. Results and discussion
3.1. Powder analysis

The characteristics of the used powder influenced the sin-
tering process, and consequently the quality of the prepared
ceramic materials. Therefore, the purity of the powder mate-
rial, particle size distribution, powder’s morphology, existence
of agglomerates and their nature, as well as the specific surface
area, are very important features.

At first, XRD was used for qualitative analysis. The XRD
pattern of the CDHAp prepared by hydrothermal processing
is presented in Fig. 1. The XRD measurement confirmed a
pure apatite phase (according to JCPDS 09-0432),%° with a
low crystallinity and small crystallite size. From the XRD data,
the following crystallographic parameters were calculated: lat-
tice parameters a =9.4255(2) Aandc= 6.8828(2) A; the volume
of the unit cell V=529.55(2) A3; and average crystallite size
D =60.7 nm.

Furthermore, vibrational spectroscopy methods, Raman and
FTIR, were also used to characterize the synthesized CDHAp
nanopowder. According to our previous experience, the XRD
method is not sensitive enough to small amounts of an another
calcium phosphate phase mixed with hydroxyapatite (for exam-
ple B-TCP)**#! and/or impurities (e.g. the carbonates absorbed

1800

1600

(ooz)
(211)

1400

(300)

1200

1000

—132)

800 H

Intensity (a.u.)

(202}

600 —

o1
(210)

(102)

400 A

M
2004 i

0 T . T L T

Ss‘wg_-s:uaa)
£

;.

Fig. 1. XRD pattern of the CDHAp nanopowder.
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Fig. 2. Raman spectrum of the CDHAp nanopowder.

during the synthesis process). Fig. 2 presents the Raman spec-
trum of CDHAp; only the region with the phosphate (PO437)
vibrational modes is presented because of their significance for
structural investigations. The following bands are assigned: 430,
448 (O—P-0 doubly degenerated bending mode — v,); 582, 594,
609 (O-P-O- triply degenerated bending mode — v4); 960 (P-O
non-degenerated symmetric stretching mode — v1); and 1031,
1048 and 1080 cm™! (P-O- triply degenerated antisymmetric
stretching mode — v3).4%%3

In addition, we investigated the FTIR spectrum of the
CDHAp nanopowder (Fig. 3). The FTIR spectrum of pure
CDHAp has four typical apatite phosphate (PO4>~) modes: dou-
ble degenerative v, bending vibration characterized by a weak
band near 480 cm™!; double degenerative v4 bending vibration
with bands at 565 and 603cm™!; a medium-intensity band at
962 cm~! due to vy symmetric stretching vibration; and a triple
degenerative v3 asymmetric stretching mode characterized by a
strong, complex band in the 1000-1150 cm™! region. The vibra-
tional band of the water associated with CDHAp appears at 1636
and 3440 cm™!; and that of OH™ libration and stretching modes
at 635 and 3570 cm ™!, respectively.**
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Fig. 3. FTIR spectrum of the CDHAp nanopowder.
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Fig. 4. Particle size distribution of the CDHAp nanopowder (distribution based
on particles number).

Accordingly, Raman and FTIR spectroscopy confirmed that
the synthesized powder is pure CDHAp, without other calcium
phosphate phase(s) and/or impurities. It is important because
second phases possibly influence the sintering process.

The particle size distribution was measured by a laser particle
size analyzer (Fig. 4). Since the synthesized powders are mostly
agglomerates of primary nanoparticles, the correctness of this
measurement technique depends on the quality of the powder
dispersion. Here, after 60 min of dry powder deagglomeration
with the aid of low-intensity ultrasound, the following results
were obtained: the particle size distribution was very narrow
(span =1.120), where dy 1, do 5 and dy 9 were 55, 84 and 150 nm,
respectively. Here, it can be emphasized that the synthesized
CDHAp is uniform nanopowder.

Furthermore, FE-SEM analysis (Fig. 5) of CDHAp nanopow-
der shows a uniform structure consisting of elongated particles
with sizes up to 200nm, organized in soft agglomerates,
which is in very good agreement with PSA results. The elon-
gated morphology is probably influenced by anisotropic crystal
growth.

Additionally, BET analysis shows a relatively large specific
surface area of the CDHAp nanopowder, 58 m?/g, which is valu-
able for good sinterability.

All presented results: pure HAp crystal structure, nanosized
particles, soft agglomerates, large specific surface area, indicate
a high-quality powder, suitable for the preparation of fine-
grained ceramic materials.

Fig. 5. Morphology of the CDHAp nanopowder.
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Fig. 6. Shrinkage (left ordinate) and density (right ordinate) of the CDHAp
cylindrical compact versus temperature during conventional sintering.

3.2. Sintered ceramics

At first, the conventional sintering of the CDHAp compact
was performed in a heating microscope. Here, a heating micro-
scope was used for detailed quantitative studies of sintering® as
well for in situ monitoring of the shrinkage process; the sinter-
ing shrinkage of cylindrical compact diameter (d) was recorded.
From the experimental data for the diameter recorded at 2-s time
intervals during 4 h of sintering and using Eq. (3), the percentage
of shrinkage was calculated:

shrinkage (%) = ZA—I x 100 3)
o

where Al (=1, —I;) denotes the difference between the initial

value of diameter [, at time ¢, and the value /; at time #;. The

calculated values of shrinkage were used for the determination

of the samples’ sintering behaviour.

The densification of the CDHAp cylindrical compact, dur-
ing sintering up to 1200 °C is represented by the shrinkage
curve of the sample’s diameter versus temperature (Fig. 6). The
shrinkage curve shows that the main densification occurs in the
850-1170 °C temperature interval, while the further increase of
temperature does not result in significant increasing of shrink-
age. However, that final sintering stage is characterized by the
collapse of the open-pore structure, which can lead to accelerated
grain growth.*®

By assuming the isotropic shrinkage of the cylindrical com-
pact during sintering, the relative density (p) was converted from
the shrinkage values using Eq. (4)*743:

1 3
=|— 4
g L—(Awa)] P @
where p, is the density of the green compact.

The change of density during the sintering of CDHAp is also
denoted at Fig. 6. The final density of the conventionally sintered
sample was 3.10 gcm 3.

The microstructure of the conventionally sintered sample is

presented in Fig. 7. Almost full dense non-uniform microstruc-

Fig. 7. FE-SEM micrograph of polished and thermally etched CS sample.

ture consisting of grains with an average size about 1.4 pm can
be observed. The results indicate accelerated and uncontrolled
grain growth, probably in the final stage of sintering. Moreover,
according to the FE-SEM micrograph, the existence of three
different microstructures can be observed, which probably orig-
inate from different CP phases. These phases are located on the
grain boundaries of coarser grains. The XRD pattern of the con-
ventionally sintered sample (Fig. 8) confirms the presence of
three calcium phosphate phases, HAp, B-TCP and a-TCP, with
an estimated percentage of 81.9, 2.1 and 16.0%, respectively.
The specific 26 region, from 24° to 31.5°, is shown in the inset,
indicating the most intense reflections of a- and B-TCP. The
presence of a-TCP phase originates from the displacive trans-
formation of 3-TCP at temperatures above 1125 °C,1249 which
is confirmed by the DSC method (Fig. 9). The wide endother-
mic peak near 1000 °C originates from the phase transition of
CDHAp into B-TCP, whereas the small endothermic peak at
1160 °C represents the displacive transformation from - to a-
TCP. The apparent density of the conventionally sintered sam-
ples is relatively high, although the sintering process of CDHAp
is hindered by, at first, the transformation of CDHAp into 3-TCP,
and, later, by the polymorph transformation from - to o-TCP.
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Fig. 8. XRD pattern of CS sample.
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Fig. 9. DSC/TG diagram of CDHAp.

The results obtained for the shrinkage and microstructure,
for the conventionally sintered CDHAp, were used to choose
the two-step sintering conditions. The list of all experiments is
given in Table 1. Since the temperature of the first sintering step
in TSS, T, should be high enough to achieve the critical density
without grain growth, the temperature of 1100 °C was chosen.
According to the shrinkage data (Fig. 6) at 1100 °C the final sin-
tering stage is not reached, so the grain growth is not expected
to occur. For the temperature of the second sintering step, 7,
at first 1000 °C was selected. Under these temperature condi-
tions, a set of experiments was carried out in which the times
of soaking at 71 were 1, 10 and 30 min, denoted as TSS1;c.
The dwell time at 7> was 20h in all the cases. After the TSS,
cycle, the reached density was only 2.61 gcm ™3, while the pro-
longed dwell time at 7' to 10 (TSS1p) and 30 min (TSS1.) did
not result in significant densification. These results suggest that
1000°C as T is not high enough to provide the driving force
for full densification, which is in agreement with the fact that
there is a critical temperature of the second sintering step below
which the full density cannot be reached.?® Below that criti-
cal temperature the grain boundary diffusion, as the dominant
mechanism for the sintering of nanopowders in the final sinter-
ing stage, seems to be exhausted, so that the full density cannot
be obtained.?*

Consequently, the other set of TSS experiments were done
by increasing the temperature 75 to 1050 °C (Table 1). After the
cycle TSS,, the achieved density was 2.90 gcm~3. The reason
for not reaching a higher density during TSS», is probably influ-

Table 1
Performed heating cycles and final densities.
Heatingcycle T (°C) t;(min) 72 (°C) 1,(h)  Density (g/cm3)
CS 1100 1200 - - 2.70 + 0.02
1150 1200 - - 2.90 + 0.02
1200 60 - - 3.10 + 0.02
TSS;
a 1100 1 1000 20 2.61 +0.02
b 1100 10 1000 20 2.82 + 0.02
c 1100 30 1000 20 2.89 £+ 0.02
TSS,
a 1100 10 1050 20 2.90 + 0.02
b 1100 30 1050 20 3.07 + 0.02

Fig. 10. FE-SEM micrograph of polished and thermally etched TSS sample
(CyClC TSSzb).

enced by significant particle coarsening without densification
during the initial stage of sintering through the surface diffu-
sion pronounced for CDHAp.'® Such a situation could also be a
consequence of the consolidation method; precisely, uniaxially
pressing may cause non-uniform particle packing (i.e. non-
homogeneous density through the green pellet), which affects
the green microstructure and pore size distribution.

However, by prolonging the time at 77 to 30 min (TSSyp
cycle), the final density of 3.07 gcm™3 was obtained and the
resulting material can be considered as almost full dense.

Fig. 10 shows the microstructure of the ceramics sin-
tered through the TSS»p cycle. The microstructural differences
between CS and TSS,, BCP ceramics are observed. In TSSyy,
ceramics grain growth is significantly suppressed, while almost
full density is reached. It can be seen that the average grain size
is much smaller than that of CS, and is estimated at 375 nm.
During the CS procedure, the average particle size was 16 times
multiplied, while in the TSS approach, the final grain size is just
four times larger than the average particle size. This is a signifi-
cant improvement in decreasing the average grain size, since itis
known that the sintering of CDHAp is hindered by the formation
of B-TCP phase.!'3-20

It can be emphasized that there is no evidence of accelerated
and uncontrolled grain growth, despite the fact that almost full
density was reached. The remaining porosity was placed at the
grain boundaries, while there are no intragranular pores.

The XRD analysis of the TSS,p sample shows the existence
of HAp and 3-TCP (Fig. 11). From the inset, it is obvious that
there are no reflections originating from o-TCP. The absence
of a-TCP can be explained by a lower sintering temperature,
which is below the temperature of the displacive transformation
from 3- to a-TCP. The obtained results prove the advantages
of the TSS approach over the conventional sintering, because it
excludes a-TCP, which has a high resorbility rate.

To verify the advantage of TSS compared to CS method,
conventional sintering was done in the conditions which are
similar to those of second sintering step of TSS. At 1100 °C den-
sity was only 2.70 gcm ™3, while at 1150 °C density increased
to 2.90 gcm ™3 (Table 1), which is significantly lower than full
density. These results confirmed benefits of TSS.
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Fig. 11. XRD pattern of TSS sample (cycle TSSzp).

In order to achieve densification without grain growth in the
TSS technique, the grain boundary diffusion, as the principal
densification mechanism, must be kept active, while the grain
boundary migration, which is responsible for grain growth, has
to be suppressed. Chen and Wang have proposed a mechanism of
slowing down the grain boundary migration by relatively immo-
bile triple point junctions at low temperatures during the second
step of the TSS cycle. Triple point junctions represent the joints
of three grain boundaries or the grain boundary/pore equivalent.
The grain boundary migration is dominated by the grain bound-
ary mobility at higher temperatures and by the junction mobility
atlower temperatures. At the temperature of the second sintering
step, the junctions are rather motionless. Meanwhile, the densifi-
cation process is still active, since that conditions are enough for
the grain boundary diffusion, which has lower activation energy
than grain boundary migration. This grain boundary diffusion,
accompanied by the triple-point drag at low temperatures (73),
contributes to a full dense microstructure with a constant grain
size.23%

According to the authors’ best knowledge, the highest val-
ues of mechanical characteristics for BCP ceramics, prepared
by different consolidation and/or sintering techniques, are listed
in Table 2. As it can be seen from Table 2, various techniques
used to prepare dense sintered BCP ceramics affect the final den-
sity, average grain size, phase composition and, consequently,
the final mechanical properties. Generally, for the conventional
pressureless sintering, the sintering temperature is in the range
from 1200 to 1300 °C, resulting in very dense BCP ceramics,
with grain size in the micrometer range, and phase composi-
tion consisting of HAp and TCP (3-TCP and o-TCP). It can be
seen that the hardness increases with the increase of the final
density. The BCP ceramics obtained through the TSS», regime
showed hardness of 4.9 GPa, which is in a very good agree-
ment with the other results. A more significant influence of the
decrease in grain size on the final hardness could be expected for
full dense ceramics with the grain size below 100nm.>! On the
other side, the fracture toughness is strongly influenced by the
average grain size and phase composition. The obtained value
of 0.95 MPam!”? for the fracture toughness of the convention-

Table 2

The properties of BCP ceramics obtained through different consolidation methods and/or sintering techniques.

Ref.

Fracture toughness (MPa m'/?2)

Hardness (GPa)

Additive

Composition (%)

p(gm™3) Grain size (jm)

T(°C

Sintering regime

TCP

HAp

50

0.76
0.99

4.30
4.90
5.46

35

60

~1.0

3.06*

1250

CS

3.09°
3.

21

1.23
0.95£0.05

1% MgO

+

12 3.0-5.0,0.2-0.3¢

1300
1200
1100
1200
900

CS

Present work

20

4.50£0.05

16.0+£04

2.1+04

10

81.9+04

90
90

1.4

0.2

3.10£0.02

3.12
3.09
1.60
2.60
2.56

CS

1.00
0.65
0.56
0.75
0.92

HP

19

<2

0.1

MW

4.28
<4

0.48
4.7

1000
1200

Present work

1.11£0.04

4.9+£0.09

153+04

84.7+0.4

0.375

3.07£0.02

TSSyp (Table 1)

TSS

4 Uniaxially pressed samples.

b Isostatically pressed samples.

¢ Bimodal grain size distribution.

25
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ally sintered BCP ceramics confirmed that the sintering above
the temperature of the phase transformation from 3- to a-TCP
is detrimental for mechanical properties. The partial and rever-
sal transformation from a- to B-TCP during the cooling period
could induce residual stress within the dense ceramics, making it
much more brittle.!*2° The homogeneous microstructure of the
TSSyp, processed BCP ceramics, with an average grain size of
375 nm, showed a higher fracture toughness of 1.11 MPam'/?,
This improvement in fracture toughness could result from the
formation of a changed fracture path, from transgranular to inter-
granular, reported in the case of nanograined bioceramics.!#3¢

4. Conclusions

Two different sintering methods, CS and TSS, were applied
on CDHAp nanopowder, in order to design dense, fine-grained
BCP ceramics. The obtained results showed that the TSS method
has significant advantages compared to the CS method in the
processing of BCP ceramics. It is shown that the TSS,y, experi-
ment, consisting of heating up to 1100 °C, with a dwell time of
30 min, and a subsequent rapid cooling to 1050 °C and sinter-
ing for 20 h, resulted in full dense, uniform, fine-grained BCP
ceramics with an average grain size of 375nm, without the
evidence of accelerated and uncontrolled grain growth during
the final sintering stage. This is quite contrary to CS, which
yielded micrometer, non-uniform grains. Another advantage
of the TSS approach is a lower sintering temperature, which
resulted in the absence of a-TCP in the two-step sintered sam-
ple, which might have beneficial consequences on biological
and mechanical behaviour of BCP ceramics. Furthermore, the
TSSyp, processed samples showed improved mechanical prop-
erties, both hardness and fracture toughness, compared to the
conventionally sintered samples. Moreover, the fracture tough-
ness of 1.11 MPam!/2 and the hardness of 4.9 GPa of the TSSp
processed samples are in good agreement with those obtained by
the application of other, more sophisticated sintering techniques,
having a bit higher values for fracture toughness.
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